decades has led to increased concern about environmental and occupational exposures. [2] [3] [4] The rarity and rapid life-threatening course of brain cancer make performance of research studies difficult. Employment in chemical, 4 ,5 nuclear, 6 utility, 7, 8 and petroleum industries, 9, 10 as well as in poultry and farm processing, 11, 12 are associated with higher risks of brain cancer. Electrical occupations have been implicated specifically for brain cancer risk, including specific cellular types of the disease. [13] [14] [15] Both residential and paternal occupational exposure to electromagnetic fields (EMFs) are potential causal exposures for childhood brain cancer. 16, 17 In North Carolina, reports of cancer clusters called attention to 5 distinct communities that experienced higher rates of brain cancer than expected. The initial investigation of 1 of these reported brain cancer clusters did not reveal any consistent association with a specific risk factor. 18 Nonetheless, subsequent reports and suggestive findings prompted the first case-control study of this series. 19 Given the burgeoning capabilities for Geographic Information System (GIS) studies and the use of rapid case finding within the large population-based cancer registry, 20, 21 we undertook a second case-control study and conducted rapid case ascertainment for a 1-yr period (i.e., 1994) with a very frugal budget. 22 That evaluation was disheartening, although the GIS component was most impressive; in fact, the evaluation of the GIS value for this sort of exploratory, environmental work became our principal product.
We decided to conduct a 3rd case-control study of brain cancer in 4 of the counties. In this study, we expanded the data for incidence over a 5-yr interval (i.e., to improve sample size consideration) and used 3:1 matched cancer patients for comparison. We sought to control for confounding factors that may have been possibly related to brain cancer risk (e.g., age, race, gender). 23 For the residential exposure metric, we used a formula proposed for ion cyclotron resonance (ICR) that incorporated the orientations of power lines relative to geomagnetic North, as well as several other aspects of this source. 24 In several studies, researchers have reported the theory of a direct current (DC) magnetic field interacting with an alternating current (AC); effects ranged from calcium efflux in chicken brain tissue 25 to implications of human hematopoietic effects. 25, 26 GIS methods would greatly facilitate this sort of complex exposure assessment in which a variety of databases available from federal, state, and private sources are used.
Method
We designed the study to test the null hypothesis of no difference between brain cancer cases and matched control subjects with respect to residential environmental exposure to extremely low-frequency (i.e., 60 Hz) magnetic fields from high-voltage electrical-distribution power lines (i.e., 44 kV or greater). The newly diagnosed cases included 251 adults who were diagnosed with malignant brain cancer between January 1, 1990, and December 31, 1994 , and who lived in a 4-county area of central North Carolina. The study counties maximized the effect of referral patterns into the state's large medical centers. We selected the 753 comparison subjects randomly from cancer cases diagnosed at the same institution (Table 1) ; their cancers were likely not related to the same environmental exposures as was brain cancer (leukemia, lymphoma, and breast cancer cases were excluded). Matching criteria for the 3:1 selection of comparison subjects were county of residence, institution at which diagnosis was made, and age (± 5 yr). The comparability of the 2 groups was quite good with respect to general descriptive attributes (Table 1) .
Power line information was provided from power companies that served the 4 counties. Information extended to the 44-kV level; there was a total of 1,763 km (1,095 statute mi) of electrical power lines within these counties, present in 2,169 linear segments. The largest constituents were 100-kV lines (1,180 segments, 832 km [517 mi]) and 230-kV lines (493 segments, 509 km [316 mi]); 49 segments were 500-kV lines that extended for 93 km (58 mi). Given the simple density, we did not make assessments under 44 kV.
Address matching was very good with the GIS capabilities. Urban and suburban addresses matched (i.e., in excess of 90%). Rural addresses were the most poorly matched; the matching rate for rural counties varied from 74% to 88%. For the unmatched subjects, we used topographic maps and zip codes, plus 4 postal addresses, to locate the address and to assign an approximate residence location. This was a technique used rigorously with earlier brain-cancer studies for 2 of the 4 counties. 18, 27 With this procedure, the mail carrier's route to the residence is "followed" on detailed topographic maps (124,000), with the residence location assigned by simple linear interpolation between specified box locations, whenever the specific box location is not found explicitly on the topographic map. Given our prior experience, we undertook field work with only a sample of the addresses (i.e., 10 cases and 20 controls) to facilitate analysis of proximity to power lines. This zip-code-assisted mapping procedure proved very satisfactory for the scale of the spatial analyses performed.
We digitized the residential data for each case/control for purposes of mapping. Address matching was accomplished with Arc/Info GIS software 28 and with the street-network databases of the Transportation Information Management System. 29 We obtained successful address matches for 216 cases (86.1%) and 639 (84.9%) of the comparison subjects. We also made field visits to verify a sample of the addresses and to seek cases that did not match (field workers were blinded to case-control status; they searched 38 total addresses, of which half were cases). The unmatched addresses were mainly post office boxes and rural addresses. The Arc/Info addressing procedure assigns a geographic coordinate to each matched address and creates a point feature in a map database-each point representing a residential location along a street network. Once the point database of cases and controls was created, we calculated distances to power-line segments, with adjustments for the geomagnetic contribution to the total electromagnetic field at each location.
Liboff et al. 24 proposed that the parallel geomagnetic component of the total geomagnetic field intensity is a function of the uniform geomagnetic field with dip angle (α), the angle of elevation (β) between the residence and the nearest power line, the angle (θ) between the power-line axis and magnetic North, and B τ the total ambient geomagnetic field intensity:
Both the dip angle α and the total field intensity B τ can be determined with federal GIS databases. 30 We estimated the values for the angles θ (magnetic North) and β (elevation) with GIS functions compiled from the U.S. Geological Survey topographical maps. 31 The study was based on a sample size of 251 newly diagnosed malignant brain-cancer cases identified from the study area. This sample size permitted detection of a 2-fold risk difference between the study groups for factors with a 10% frequency in the comparison group (α = 0.05 and β = 0.10). We included conventional risk analysis (e.g., multivariate logistic regression) in our analysis testing, and odds ratios (ORs) expressed the risk associated with electromagnetic fields.
Results
The majority of cases and controls were addressmatched (86.1% and 84.9%, respectively). The urban and suburban address matching approached 100%. For rural subjects, the GIS (automated) matching was successful for 68% and 78%, respectively, of cases and controls. The mapping assignments and field work verification described earlier were performed for 10 of 17 rural cases that did not address-match initially with 20 of the 36 unmatched controls. Only these field-verified residence locations were included with the data analysis inasmuch as inclusion of the remainder (map assigned only) had no effect on the study results whatsoever.
Logistic regression for risk of brain cancer, posed as a function of the geomagnetic field intensity, was modeled with the single effects for the following variables: distance (perpendicular distance from the residence to the nearest power line); Orient_Decl (orientation declination [ . A simple stepwise selection led us to suspect an interaction for DIP and DECL, given their effect on MG_Intent when both variables remained in the statistical model. A saturated logistic model, which contained all of the single-effects terms and an interaction term for DIP and DECL (DIP*DECL), did not reveal an optimally parsimonious model; collinearity effects disrupted most model configurations. Furthermore, truncations of distances revealed erratic effects on these variables.
We tested a series of model configurations with combinations of distances (Table 1 ) and used principal-components analysis to select best representatives for analysis. We evaluated models with MG_Intent and DIP angle present over graduated distances. Odds ratios from simple linear progressions are shown in Table 1 , as are sample sizes. Likewise, a single-effects model with DECL was tested. Given the unproductive regression analyses, we decided that simply describing the ICR variables as a function of distance would be informative. We have provided a pair of simple descriptive tables ( Tables 2 and 3) that contain values for the ICR formula to describe the distance patterns with the variables for cases and comparison subjects.
Discussion
The results of the current analysis were difficult for us to interpret; nonetheless, they suggest that a substantial improvement in ecologic exposure classification may be discerned for a function of the earth's magnetic field-interacting with that formed by an electrical distribution power line. The fact that this effect may be delimited spatially suggests the presence of spatial "window" effects. The data suggest that the simple distance measures (which have been used in the past for epidemiologic evaluations of the role of electromagnetic fields) were included without an adjustment for the geomagnetic component. This adjustment may demonstrate a role for EMFs in the carcinogenesis of brain tumors via an ICR mechanism. 24 It is important that one recognize that this work began as a follow-up on reports of cancer clusters-a good public-health practice. 32 One of the initial bases of study was the provision of a prototype for the sort of expedited research that is possible within the frame- Notes: Cells include sample size for attribute and distance, the mean value, and the standard deviation. SD = standard deviation, -x = mean, µT = microTesla, and n = number of cases. *Distance = perpendicular distance from residence to power line. †Orientation = degree to north of nearest power-line segment. ‡RELAngle = elevation of residence from a straight line immediately under power lines.
work of a population-based cancer-registry system. The method of rapid reporting is an innovation pioneered for environmental and clinical studies in North Carolina. 22, 32 Our choice to apply this approach to brain cancer also illustrated the extraordinary value of GIS methods for the assessment of environmental exposures. 33, 34 The results from this analysis offer evidence that a metric of EMFs, incorporating a geomagnetic component, may finally provide some clarification on the protracted quandary about EMFs and cancer risk. Notes: Cells include sample size for attribute and distance, the mean value, and the standard deviation. SD = standard deviation, -x = mean, µT = microTesla, and n = number of cases. *Distance = perpendicular distance from residence to power line. †Orientation = degrees to north of nearest power-line segment. ‡RELAngle = elevation of residence from a straight line immediately under power lines.
